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Carbon nanotubes (CNTs) were dispersed into polyvinyl acetate (PVAc ) adhesive 
cured by radio frequency (RF) to investigate their loading effects on PVAc adhesive 
curing time and lap shear bond strength performance. Main factors are CNT loading 
(0.08, 0.25 and 0.41%), RF curing time (15, 30, 45, 60 seconds), and clamping pressure 
(100, 160, and 240 psi). Experimental results indicated that CNT loading had significant 
effects on PVAc curing time and lap shear bond strength. Specifically, single lap shear 
joints bonded with 0.41% CNT loading adhesive had significantly higher lap shear bond 
strengths than one with  PVAc  only (0% CNT loading). The curing time of PVAc 
dispersed with a 41% CNT loading (15 seconds) was 30 seconds shorter than the one 
with a 0% CNT loading (45 seconds).  
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 During ancient times, people used wood to build their homes, vehicles, even their 
dishes. Later, people built and manufactured larger and stronger monuments, buildings, 
and products. However, there has been a problem throughout the history, how these 
wooden materials can be connected or bonded together ?. Adhesives have provided 
strong enough bonds between wooden materials (Iwata 2006). The curing of an adhesive 
after applied on the wood surface, requires temperature and takes time. Therefore an 
elevated temperature can help to shorten the adhesive curing time. There have been many 
heating methods in the wood industry. The most common one is hot pressing.  If a polar 
substance such as a water-based emulsion is utilized as the adhesive, then the RF heating 
method is deemed as an effective one if compared to the hot pressing method, i.e., the 
radio frequency (RF) heating method of using electromagnetic energy (Fabio 2015) is 
capable of reducing heating time required to cure the adhesive (Jokerst 1998) 
The RF heating method is based on dielectric heating through electromagnetic 
waves, having many benefits for assembly such as rapid heating (Wilson 1987). Using 
RF method to cure the adhesive on wooden materials dates back to 1930’s when plywood 
was manufactured (Clark 1983). Norman company made the first attempt at bonding 
wood materials with melamine adhesive cured through using RF heating technology in 
1947 (Jokerst 1981).  
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1.1 Problem Statement 
 Carbon-based nanomaterials get much attention recently because of their unique 
mechanical and physical properties such as excellent electronic conductivity, thermal 
stability, and mechanical strength ( Huang 2011).  
 Adding carbon-based nanomaterials to adhesive products to improve their 
properties raises up the role of adhesives (Stoeckel 2013). Several studies demonstrated 
that adding carbon-based nanomaterials to different polymer matrices resulted in 
improvements in physical and mechanical properties (Fu 2010). Adding small quantities 
of carbon-based nanomaterials to materials such as PVAc adhesive can significantly 
increase its bonding strength in wood (Kaboorani 2011).  
 Shortening the curing time of PVAc adhesive cured by the RF method when the 
adhesive is used to bond wood components such as joints and veneers can significantly 
reduce manufacturing cost. The research question for this study was whether adding 
small quantities of carbon-based nanomaterials can shorten the curing time of PVAc 
adhesive cured using RF method without lowering its bonding strength when the 
adhesive is used to bond wood components.Carbon nanotubes (CNTs) are used to 
improve many mechanical properties of various polymers, but limited information is 
available about their effects on the reduction of RF curing time on PVAc adhesive. 
1.2 Objectives  
 The primary objective of this study was to investigate the effects of the quantity 
of carbon nanotubes(CNTs) dispersed in RF cured PVAc adhesive on the adhesive curing 
time.   
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The specific objectives were to 1) evaluate the effects of clamping pressure and 
curing time on the lap shear bond strength of a single-lap shear joint bonded with PVAc 
adhesive only and cured under room temperature; 2) characterize the functional groups of 
PVAc adhesive and CNTs using the FTIR method; 3) evaluate the effects of centrifuging 
speed and time on the viscosity of CNTs/PVAc  adhesive mixture;4) investigate the 
effects of CNT quantity, RF curing time, and clamping pressure on the the lap shear bond 
strength of a single-lap shear joint bonded with PVAc adhesive; 5) study the effect of 
CNT quantity on RF curing time; 6) evaluate the effects of CNT quantity, RF curing 
time, and clamping pressure on the lap shear bond strength of a single-lap shear joint 
bonded with PVAc adhesive and continued its curing process without clamping for 24 
hours after RF curing. 
1.3 Literature Review 
1.3.1 Polyvinyl Acetate Adhesive   
Polyvinyl acetate (PVAc) adhesive has been widely used in the paper, textile and 
wood industries in the last couple of decades (Verma and Bisarya 1986) because the 
adhesive is easy to apply, fire retardant, less toxic, has a long shelf life (Pizzi 2010), and 
can be bought at a lower price.  
PVAc adhesive is commonly used to bond wood solid components or veneers 
together. Typical steps of bonding wood components or veneers together using PVAc 
adhesive are preparing wood materials, applying of glue, clamping, and drying. The first 
step of preparing wood materials involves sanding and cleaning of wood surfaces. 
Therefore the surfaces can be bonded closely during gluing and clamping processes. In 
general, the glue (0.15-0.225gr/cm2) should be uniformly applied on wood surfaces using 
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a brush, a roller or a scraper. The clamping is to hold bonded pieces together with a 
pressure (100-250 psi) and force adhesive diffusing into wood pores. During the drying 
process, the water in the adhesive evaporates.  
 
Figure 1.1 General application of glue on wood (Biblis 1972). 
 
 PVAc adhesive belongs to the polyvinyl esters family, [RCOOCHCH2], 
having 100 to 5000 degrees of polymerization and different phases such as solid, powder, 
and liquid forms. The polymerization of vinyl acetate produces PVAc adhesive through 








    
  
Figure 1.2 Obtaining of PVAc and stabilizing with PVA. 
 
 
Table 1.1 Quality standard of PVAc emulsion. 
Type  PVAc emulsion  
State  Liquid 
Viscosity 8500 CPI 
Color  White 
pH  4.7 
Calculated VOC 5.48 g/L 
Weight Per Gallon  9.1 lbs  
Flashpoint  Over 2000   F 
Solids  46% 
Storage Life 24 hours in closed containers at 750 F 
 
 
The property of PVAc adhesive can be modified through adding plasticizers, 
filling agent, hardening, etc. because it is synthetic.  Different modifications can alter 
PVAc to a desired property meeting industry need (Ochigbo 2009).  For instance, adding 
plasticizer helps the formation of PVAc adhesive film, while adding starch makes PVAc 
thicker. To take advantage of other polymer structures for PVAc, PVA usually is used as 
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a protective colloid by adding into PVAc. Comparison results show that PVA possesses 
hydroxyl groups, which provides extraordinary hydrogen bonding (Yang 1997). 
Additionally, hydrolysis of acetate groups can form free hydroxyl groups. PVAc also can 
be stabilized by PVA, which is known as PVAc emulsion.  
PVAc adhesive can convey additional or different properties by changing its 
molecular weight. As molecular weight rises, polymer ranges and the solubility in the 
organic solvent increase. One of the ways to increase the molecular weight of PVAc is to 
raise viscosity which is a favorable character due to its film strength. This result allows 
PVAc to penetrate and apply into adherent.  
1.3.2 Adhesive Bonding Theories 
Understanding the adhesive bonding between the adhesive and adherent is based 
on the discovery of all mechanisms and formations through the correlation between the 
two. Throughout the years, many theories related to adhesion have been published. 
a) Mechanical Bonding  
In this theory, the adhesive must be in liquid form, therefore, can flow into 
adherent pores (Fig 1.3) when applied on the adherent. The mechanical interlocking 
formed between the adhesive and adherent’s pores (Fig 1.3) provides a strong bond for 
each other as the adhesive hardens (Moskvitin 1964). The bonding strength level depends 
on the smoothness of an adherent, i.e., the smoother the surface of an adherent is, the 
lower the mechanical bonding formed between the adhesive and adherent is. Many 





Figure 1.3  Mechanical interlocking theory (Ebnesajjad 2006) 
 
b) Diffusion  
This bonding theory is attributed to the diffusion of molecular structure chains 
into the substrate (Fig 1.4), i.e., still based on the interaction between the adhesive and 
substrate. Collet (1970) demonstrated that the water-soluble adhesive homogeneously 
diffused into the wood cell wall. This inter-diffusion is considered as solid adhesion 
bond, which is based on electrical charges between the adhesive and adherent (Adamson 
1967). Another explanation for this theory is that the two materials are soluble one to 
another (Adamson 1967). 
 
 
Figure 1.4 Diffusion bonding theory (Ebnesajjad 2006). 
 
c) Chemical Bond   
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Chemical bonding is considered as a covalent bond between the adhesive layer 
surface and the adherent. Therefore, a chemical bond is far more convenient for woods 
because the wood surface has many functional groups (Pizzi 1992). Components create the 
covalent bond. These components make a bond with hydrogen molecules that allow them 
to share electrons. This type of bond is eleven times stronger than hydrogen bond (Vick 
1999). However, covalent bonds rarely occur. 
 
Figure 1.5 Chemical bonding theory (Rinker 1945). 
 
1.3.3 Mechanism of PVA/PVAc Bonding in Wood 
 There can be more than two bonds, mechanical and hydrogen, between PVAc 
adhesive and wood materials, but these two bonds are the most significant and durable 
for bonding. After penetrating into the wood, PVAc adhesive surface layer functions 
groups will interact with functional groups existing the wood. PVAc has many dangled or 
hanged hydroxyl groups (-OH) in its long chain poly (Pizza 1995). Woods materials are 
based on many sugar forms (polysaccharide form) having hydroxyl groups surrounding 
the carbon rings. The hydroxyl groups on the wood interact with the ones on PVAc 











Figure 1.6 The hydrogen bond formed between wood and PVAc emulsion.    
 
The second major bond between PVAc adhesive and wood is the mechanical 
interlocking bonding. This mechanism works as the adhesive penetrates into 2-6 cells 
deeper. Deeper penetration can make this type of bonding stronger and more robust. The 
molecular interaction between adhesive and cell walls is one of the main reasons 
contributing to this bond (Kamke 2007). 
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1.4 Factors on Wood Bonding Strength 
1.4.1 Wood Surface 
Mechanical bonding is the major theory commonly used to explain the bonding 
strength of wood materials bonded with PVAc adhesive. In this approach, the strength of 
mechanical bond linking is related to the surface quality of bonded wood materials. The 
adherent surface must be clean, smooth, and away from possible contamination. Having 
some chemical compounds on a wood surface such as fire retardant substances, 
preservatives, or other chemicals can be a disadvantage for the penetration of the 
adhesive into the cell walls (Gillespie 1984). Besides these effects, carefully preparing 
the adherent surface is highly impactful for maximization of adhesion strength. For 
instance, as a wood piece is cut, sharp blades must be used because dull blades have a 
potential to damage cell walls, and as a result, the adhesive cannot penetrate into many 
cells (Hovanec 2015).  
1.4.2 Specific Gravity 
The specific gravity (SG) of wood varies because of the variation of its void 
volume and cell thickness. That means wood having a thicker cell wall and a smaller 
lumen will have a higher SG value. Wood materials having less lumen volume will create 
difficulties for PVAc adhesive to penetrate into wood cells. Therefore, pressure is 
required for the adhesive to penetrate into wood cell walls (Marra 1992) deeply.  As the 
specific gravity of a wood rises to 0.7 to 0.8 g/cm3, the bonding strength between 
adhesive and wood increases. However, exceeding these densities causes lower strength 
in bonding, in a 12% moisture content (Vick 1999).  
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1.4.3 Moisture Content  
Moisture content (MC) is another primary factor in wood adhesion. The water 
stored in wood cell lumens and walls can exceed over 200%. However, the cell walls are 
saturated or limited by 30% of water which is accrued by powerful interactions among 
chemical bonds. Higher or lower MC in wood can alter the adhesive bond strength. 
Higher MC (greater than 15%) in the wood will not allow the adhesive to perfectly 
penetrate into the cell walls and also can cause the adhesive to be squeezed out when 
clamping pressure is applied (Vick 1999). Lower MC  (under 6 percent) will not allow 
the adhesive to interact well with the functional groups on cell walls because the lack of 
water in wood cell walls cannot provide an adequate chemical bond (Murmanis 1986), 
and also the water in the adhesive would be absorbed by wood having less moisture. This 
adhesive being dried out can result in losing its ability of penetration into wall cell. The 
optimum MC for wood in PVAc gluing is between 8% and 12 % (Menard 1993). 
Moreover, certain other factors are dependent upon the adhesive and can affect 
the wood adhesive bonding strength. Some of these effects include the amount of 
adhesive spreading, processing pressure, and the viscosity of the adhesive. 
1.4.4 Adhesive Amount Applied  
In general, the spreading amount of PVAc adhesive o wood surfaces is 150 g/m2 
(Kamke 2007). One of the essential steps in this process of spreading the adhesive is to 
apply the adhesive on surface uniformly.  
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1.4.5 Pressure  
The primary goal of applying pressure for gluing is to press the adhesive 
penetrating into wood materials and two bonded wood materials contacting together as 
close as possible. Therefore, mechanical interlocking, covalent, a secondary chemical 
bond can occur (Kamke 2007). The applied pressure should be predetermined because 
high pressure can make the adhesive penetrate further into the wood which can account 
for starved joints, resulting in the reduction of bonding strength. Moreover, higher 
pressure causes lower adhesion force between wood and adhesive interaction (Enzhi 
2006) because the higher pressure can damage the wood bonding surface. 
On the other hand, less pressure cannot allow adhesive sufficiently penetrate into 
the cell wall. However, low pressure sometimes can be convenient for low-density wood, 
and high pressure can be a contributor to high-density wood (Caster 1980). The pressure 
can vary from 150 to 250 psi depending on wood species. Usually, hardwoods require 
higher pressure (175 to 250 psi) and softwoods less (125 to 175 psi).  
1.4.6 Viscosity Level 
The PVAc adhesive viscosity is another factor on adhesion strength because it 
affects the ability of adhesive penetrating into the wood. The optimum viscosity level of 
PVAc adhesive for penetration into wood is 8500 CPI (Kim 2009). Convenient 
penetration triggers molecular interactions providing chemical and mechanical bonds 
such as hydrogen bond and interlocking bond (Scheikl 1998; Enzhi 2006). 
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1.4.7 Curing Time  
Under normal conditions, PVAc adhesive can cure in 13 hours. This long curing 
time is one of the issues faced by furniture industries in their assembling operation. Many 
methods can be used to reduce PVAc curing time. These methods are adding catalysts 
(Bierwirth 1943), RF heating method (Wilson 1987), etc. Applying these different curing 
methods, especially the RF heating method, can result in many benefits such as fast 
assembling and move glued materials to the next operation stage, therefore preventing 
more space needed for parts storage for adhesive curing (Hulls 1987). However, water-
based adhesives like PVAc adhesive might take 1 or 2 days to reach out its full bonding 
strength (Hulls 1987).  
1.5 RF Heating Method  
RF heating method for curing PVAc adhesive is used widely in a variety of 
industries such as plastic welding, wooden in furniture, and textile. The working principle 
of RF heating for curing PVAc adhesive is similar to the microwave working method. 
The difference between the two methods is that the RF heating uses a lower frequency 
than the microwave. 
 In general, there are three different ways to apply RF heating to cure the PVAc 
adhesive applied to wood materials, i.e., perpendicular, parallel and punctual heating 
processes. Furniture industry commonly uses the parallel RF heating process (Fig 17), 
i.e., the RF signal field released by electrodes is parallel glue layers (Clark 1983). The 
conductivity of glue if too high can result in burning wood materials, while if too low 
then curing time can be longer.  
 
14 
 PVAc adhesive is commonly cured by using RF heating method in the furniture 
industry. This thermoplastic adhesive can get dry under RF heating, but waiting time 
after running RF over glue is necessary because the adhesive cannot be cured entirely. 
The only advantage here is to obtain initial strength to move materials (Clark 1983). In 
other words, the primary purpose of applying RF heating application is to save time for 
the adhesive to dry. As glue and wood absorb the energy coming from dielectric plots, 
glue lines take heat provided by energy faster than wood so adhesive get dry first (Hulls 
1987) 
   
 
 





Figure 1.8 Curing principle parallel RF heating method.  
 
Factors on RF curing time are electric power, adhesive type, and wood MC (Selbo 
1975). However, the electricity power determination for different applications is not easy 
to calculate and also it is difficult to measure the temperature through glue lines. 
However, many studies (Selbo 1975) indicated that the required electric power for wood 
adhesion is usually around 130 square inches of glue line per kilowatt minute of energy if 
PVAc adhesive is used. 
1.6 Carbon Nanomaterials 
The studies in carbon-nanomaterials (CNMs) and developments on their 
applications in various fields have proceeded since last century. CNMs can be considered 
as essential contributors to many products with incredible features. Moreover, new 
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manufacturing techniques and methods have been developed to form CNMs with 
different shapes, structures, and functions (Zhang 2010).  
CNMs have a nanoscale dimension from 1 to 100 nm. Those CNMs are 
categorized as particles, tubes, and sheets. The most effective and revolutionary functions 
of these materials have excellent electrical, mechanical, and thermal properties. The 
structure of CNMs is based on carbon skeleton (Fig 1.9), i.e., each carbon atom is linked 
together under hexagonal form (Gogotsi 2006).   
 
Figure 1.9 Structure of carbon nanomaterial (Gogotsi 2006). 
 
1.6.2 Applications  
CNMs have shown noticeable benefits in new products, and their production level 
has exceeded thousands of tons annually so far (Tawfick 2013). The physical and 
mechanical properties of CNMs, especially their lightweight and extremely high tensile 
strength, makes them commonly used in polymers composites (Ahmad 2015). Especially 
preferred by automotive, electronics, cosmetics, renewable energy, and bioenergy 
industries (Choi 2010; Tong 2011)  
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1.6.3 Synthesis Methods 
CNMs can be synthesized using different methods. Exfoliation and mechanical 
vapor deposition are two primary manufacturing methods.  
a) Chemical Vapor Deposition;  
The first attempt for using chemical vapor deposition (CVD) method to produce 
CNMs like carbon nanotubes (CNTs) was in 1959, but, the first CNTs synthesized using 
the CVD method was used in 1993. The substrates used in CVD are transitional metal 
catalysts such as iron, cobalt, and the synthesis temperature is up 700 °C. The diameter of 
the produced CNTs depends upon the catalyst size, and the yield of CNTs can reach 90%  
(Yakaman 1993).  
b) Exfoliation; 
The exfoliation method usually is preferred for multilayer carbon structures, 
especially for graphene materials. In the graphite structure, all layers of graphene are 
linked together by van der Walls bonds (Bianco 2013), and therefore graphene can be 
obtained through breaking the bonds (Choi 2010). In the process of obtaining graphene 
from graphite, potassium and graphite are mixed under a certain percentage and heated at 
200 °C, and ethanol and potassium are reacted to produce the single layer of graphene 
(Viculis 2003).  Another process for exfoliation method is to use sticky tape by peeling 
off graphene layers from each other (Novoselov 2004).  
1.6.4 Carbon Nanotubes 
CNTs are desired additives for thermoplastics adhesives under RF heating method 
because their excellent mechanical, electrical, and thermal properties. The size of a CNT 





Figure 1.10 CNT under SEM. 
 
1.6.5 CNTs and Polymer Interaction 
The interaction bonds (Fig 1.12) between PVAc adhesive and CNTs (modified 
with HO groups) can be hydrogen bonds formed through hydroxyl groups on both the 
surfaces of CNTs and PVAc adhesive (Kargarzadeh 2017). The main factor on bonding 
strength between PVAc adhesive and CNTs is how CNTs can be uniformly dispersed 
into the polymer matrix. Melt mixing and sonication are two main dispersion techniques 
commonly used. The sonication dispersion is the most preferred method for thermoplastic 
polymer, allowing powerful shear strength results and also contributing certain physical 
property changes (Feng 2014). Because PVAc adhesive is a hydrophilic polymer, 
therefore, CNTs can be excellently dispersed into polymer matrix substances 




Figure 1.11 Hydrogen bond and physical entanglement between CNTs and PVAc 
(Zheng 2013). 
 
There is another approach defended by McLaren and DeBruyne (Moskvitin 1964) 
indicating that there is a significant solid bond because of certain intermolecular effects. 
In this theory, the glue and adherent (CNTs) have a bond which is created by secondary 
forces. Those forces have intermolecular attractions between the adherent layer surfaces 
and atoms of adhesive, categorized as three: van der Waals (Fig 1.13), dispersion forces 




Figure 1.12 Vander Waals bond (Marian and Stumbo 1962). 
 
 
Figure 1.13 Dispersion Force (Veigel 2011).       
 
Another factor on the bonding between CNTs and PVAc adhesive is viscosity 
level of the polymer for the dispersion of CNT in PVAc matrix. Adding certain amount 
of CNTs into a polymer matrix can increase its shear strength (Veigel 2011). However, 
adding amount has shown some counter productiveness because of adding CNTs has 
increased the viscosity of the mixture. At this point, one of the main factors on adhesive 
bonding strength is the penetration. If the viscosity level of the mixture is high, then the 
adhesive penetration into wood cell wall lumens will become more difficult. This limited 
penetration will result in low shear strength (Veigel 2011).       
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1.7 CNT Properties  
1.7.1 Thermal Conductivity 
High thermal conductive materials are taking attention of many industries. In this 
stage, many industries use metals because of their low price. However, some drawbacks 
are predominant in these industries such as the high density of metals. Thus light CNMs 
have a promising advantage for these industries. The thermal conductive ability of CNT 
has been discovered, and then many studies have been run for proving this functionality. 
CNTs have shown excellent thermal conductivity either as altogether or individually. The 
thermal conductivity of 4 to 71 macro meter outside diameter of CNTs has been 
measured and found in range 12 to 1950 W/m-K (Heremans 1985). CNMs obtained 
through CVD synthesis method have a tremendous thermal conductivity. Overall CNTs 
have a thermal conductivity ranging from of 500 to 1000 m -1 K-1 (Heiser and King 2004).  
1.7.2 Mechanical Properties 
Studies demonstrated that Young's modulus of CNMs is between 1.5- 1.9 Tpa 
(Viet 2016).  The physical and mechanical properties of polymers can be improved 
through adding CNMs (Saleh 2011). Specifically, adding 0.5 % of CNMs increased the 
fracture resistance up to 66% and tensile strength by 49% (Bortz 2011) because CNT 






MATERIALS AND METHODS  
2.1 Materials  
 The liquid PVAc adhesive was purchased from an online shopping company 
Amazon.  Basic information about PVAc adhesive is summarized in Table 2.1. Mitsui & 
CO provided CNTs. Ltd Company (Japan). The 21-inches wide x 21 inches long x 1.25-
inches thick hard maple veneers used as the substrate for lap shear tests (Shukla 2008) 
were purchased from the Dimension Hardwoods Company. Hard maple veneers were 
chosen for this study because of their high shear strength ranging from 1800 to 2300 psi 
(Wood Handbook 2010) 
 
Table 2.1  Physical properties of PVAc adhesive used in this study. 
Type PVAc 
Thermal conductivity 0.37 W. m-1  K-1 
State Liquid 
Solids content 46% 
Weight per gallon 9.1 lb. 
Flashpoint >200 0F 
pH 4.6 
Viscosity  8500 CPI 
 
2.2 Experimental Design   
2.2.1 Experiment #1  
 A complete two-factor factorial experiment with five replications per 
combination was conducted to evaluate factors on the lap shear bond strength of single-
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lap shear adhesive joints bonded together with only PVAc adhesive cured at room 
temperature. The two factors were clamping time (0.5, 1, 2, 5, 12, and 24 hours), 
clamping pressure (100, 160, and 240 psi). Therefore, a total of 90 samples were 
evaluated. The aim of experiment#1 was to show the lap shear bond strength of single-lap 
shear adhesive joints for furniture assembling under pressure and time.  
2.2.2 Experiment#2 
A complete three-factor factorial experiment with two replications per 
combination was performed to investigate factors on the viscosity of CNTs/ PVAc 
adhesive mixture. The factors were CNT loading (0.08, 0.25, and 0.41%), centrifuge 
mixing time (15, 30, 45, and 60 minutes), and centrifuging mixing speed (500, 1000, and 
2000 RPI). Therefore, a total of 72 mixing runs were performed. The aim of 
experiment#2 was to get close to the optimum viscosity level which is 8500 cP for CNT 
loading adhesives because this viscosity level was determined as the most efficient 
penetrable adhesive.   
2.2.3 Experiment#3 
The geometry and functional groups of CNTs were characterized using scanning 
electron microscope (SEM) and Fourier transform infrared Spectroscopy (FTIR) 
respectively. Functional groups of PVAc adhesive and CNTs/PVAc adhesive were 
investigated using FTIR. The aim of experiment#3 was to examine the type of bonding 
between CNT and PVAc.  
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2.2.4 Experiment #4 
A complete three-factor factorial experiment with five replications per 
combination was run to mainly evaluate the effects of afterward clamping condition on 
lap shear bond strength of single-lap shear adhesive joints bonded together with only 
PVAc adhesive cured using the RF heating method. The factors were curing method (RF 
heating, room temperature), 24 hours clamping (yes, and no), and clamping pressure 
(100, 160, 240 psi).  Therefore, a total of 60 lap shear tests were performed.  The aim of 
experiment#4 was to make a comparison between 1 min RF and 24 hours clamping, and 
can 1 min RF applying can take the place of 24 hours clamping for furniture industries? 
2.2.5 Experiment #5  
A complete three-factor factorial experiment with five replications per 
combination was performed to examine factors on the lap shear bond strength of single 
lap shear adhesive joints bonded with CNTs/PVAc adhesive mixture cured using RF 
heating method. The factors were CNTs loading (0, 0.08, 0.25, and 0.41%), clamping 
pressure (100, 160, and 240 psi) and RF heating time (15, 30, 45, and 60 seconds). 
Therefore, a total of 240 lap shear joints were tested. Experiment#5 aims to show that the 
initial lap shear bond strength of single-lap shear adhesive joints of CNT loadings can 
demonstrate more saving time for furniture assembling than PVAc.   
2.2.6 Experiment #6  
A complete three-factor factorial experiment with five replications per 
combination was performed to evaluate factors on the lap shear bond strength of single 
lap shear adhesive joints without 24 hours clamping after RF heating. The factors were 
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adhesive type (PVAc only, CNTs/PVAc adhesive mixture with a CNT loading of 0.41%), 
clamping pressure (100,160, and 240 psi), and RF heating time (15, 30, 45, and 60 
seconds). Therefore, a total of 120 lap shear joints were tested. Experiment#6 aimed to 
demonstrate that the lap shear bond strength of single-lap shear adhesive joints of 0.41% 
CNT loading can show less curing time than 0% CNT loading after waiting 24 hours 
without clamping so they can save energy.  
2.3 Specimen Preparation  and Testing  
The surfaces of all hard maple veneers used for lap shear test substrates were 
visually checked for convenience and cut to 4 inches long x 1-inch wide x 1.25-inch thick 
flat strips according to D 906 (ASTM, 2017). All cut veneer strips were placed in a 
conditioned room controlled at 8% MC for two weeks. 
The procedure of mixing CNTs into PVAc adhesive started with loading CNTs 
(0.04 gram, i.e., 0.08 part in weight) in a porcelain boat weighted on sensitive balance 
(DENVER INSTRUMENT S-4002), followed by poring the weighted CNTs into 
weighted PVAc adhesive ( 44 grams, i.e., 100 parts in weight) in a lab tube and then 
centrifuging the tube using Eppendorf centrifuge 5810. All CNTs/PVAc adhesives 
mixtures contained in the tubes were stored in the lab for more a month to observe any 
separatşon of CNTs from PVAc adhesive. The target weight for CNT loading was 0.1%, 
0.3%, and 0.5%, but ml was considered as weight. Thus, actual loading percentages are 
0.08%, 0.25%, and 0.41% CNT loading.   
The procedure of preparing a single- lap shear adhesive joint started with evenly 
brushing approximately 0.085 g/in2  evaluated adhesive on one inch square surface of one 
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of two joint strips, followed by laying one inch square surface of the other joint strip on 
the one with the adhesive applied and then clamping the overlapped joint with 
predetermined pressure. Figure 2.2 shows the clamping setup with a load cell ( PT 7000) 
equipped to measure the load applied Figure 2.3 shows the setup for clamping the lap-
shear joint and heating the joint using the RF machine (Woodvelder 3000). All single-lap 
shear joints were tested on a universal testing machine at loading rate .5 in/min (ASTM, 
2017) Figure 2.3 shows the setup for testing the apparent shear strength of PVAc bonded 
joints. Maximum loads and failure modes of all tested lap shear joints were recorded. The 
apparet shear in lap shear joints can be calculated using τ =P/A (psi), where P is the 















Figure 2.1 Experimental procedure, (a) cut; (b) centrifuging; (c) RF application; (d) 













Figure 2.1 (continued)      
 
2.4 Results and Discussion  
2.4.1 Experimental#1   
Table 2.1 summarizes mean apparent lap shear bond strengths of single-lap shear 
adhesive joints evaluated in Experimen#1. Mean apparent lap shear bond strength of 
single-lap shear adhesive joints in Experiment#1 ranged from 248 to 1114 psi with 









Table 2.2 summarizes failure modes observed in all single-lap shear adhesive 
joints evaluated in Experiment#1. Glue and wood failures were the two typical modes 
observed in Experiment#1.  
A two-factor analysis of variation (ANOVA) general linear model procedure was 
performed at the 5% significance level for individual joint data to analyze main effects 
and their interactions on the mean apparent lap shear strength of single-lap shear adhesive 
joints evaluated in Experiment#1. The ANOVA results (Table 2.3) indicated that two-
way interaction was significant. Thus, the main effects of clamping time and pressure on 
the mean apparent lap shear strength of single-lap shear adhesive joints were ignored, and 
significant two-way interaction was further analyzed.     
Table 2.4 and 2.5 show the mean comparison of apparent lap shear strength for 
clamping time and pressure, respectively. The results were based on a one-way 
classification with 18 combinations of clamping pressure x time. The protected least 
significant difference (LSD), multiple comparison procedure (Freund and Wilson 1997) 
at the 5% significant level was performed to determine mean differences using the LSD 
value of 52.4 psi. 
Table 2.1 Mean apparent lap shear bond strengths of single-lap shear adhesive joints 
evaluated in Experiment#1 for clamping pressure within each of six 
clamping times. 
                                       Pressure (psi) 
Time (hour) 100 160 240 
0.5 248 (8.1)a 274 (10.7) 319 (14.4) 
1 393 (8.3) 512 (9.9) 622 (16.7) 
2 571 (8.9) 603 (11.8) 735 (10.9) 
5 780 (11.6) 791 (13.5) 878 (15.6) 
12 832 (12.0) 888 (15.8) 949 (9.8) 
24 935 (11.9) 994 (10.2) 1114 (8.1) 




Table 2.2 Failure modes of single-lap shear adhesive joints evaluated in 
experiment#1.  
                                    Pressure (psi) 




























































Table 2.3 Summary of analysis of variance (ANOVA) results obtained from the 
general linear model procedure performed on two factors of clamping 
pressure and time. 
Source DF SS Mean 
Square 
F value Pr>F 
Error 72 2670.2 737.24   
Corrected T. 89 455891.2    
Time  5 87848.8 445281.4 406.04 <0.0001 
Pressure 2 20548.9 780363.4 101.1 <0.0001 
Pres.* Time  10 59860.4 9128.2 7.4 <0.0001 
 
Table 2.4 Mean comparison of apparent lap shear strengths of single-lap shear 
adhesive joints evaluated in Experiment#1 for clamping pressure within 
each of six clamping times.  
                                       Pressure (psi) 
Time (hour) 100 160 240 
0.5 248 B 274 AB 319 A 
1 393 C 512 B 622 A 




Table 2.4 (continued)  
5 780 B 791 B 878 A 
12 832 C 888 B 949 A 
24 935 C 994 B 1114 A 
 
Table 2.5 Mean comparison of apparent lap shear strengths of single-lap shear 
adhesive joints evaluated in Experiment#1 for clamping time within each 
of three clamping pressure. 
        Time (hour) 
Pressure (psi) 0.5 1 2 5 12 24 
100 248 F 393 E 571 D 780 C 832 B         935 A 
160  274 F 512 E 603 D 791 C 888 B         994 A 
240 319 F 622 E 735 D 878 C 949 B 1114 A 
 
Pressure Effects  
Table 2.4 indicated that the mean apparent lap shear bond strength of single-lap 
shear adhesive joints clamped under the pressure of 240 psi was significantly higher than 
the one clamped under the pressure of 160 psi, followed by the one under the pressure of 
100 psi when the clamping time was 1 hour. When clamping times were 2 and 5 hours, 
the single-lap shear adhesive joints clamped with the pressure of 240 psi showed a 
significantly higher apparent lap shear bond strengths than the ones with the pressures of 
160 and 100 psi. These significant differences in mean apparent lap shear bond strengths 
of single-lap shear adhesive joints can be partially explained by the fact that the joint 
failure modes in terms of the percentages of glue and wood failures observed in lap shear 
joints (Table 2.2). A less percentage of wood failure observed in a tested single-lap shear 
adhesive joint indicates that joint has a lower lap shear bond strength compared to a joint 
having a higher percentage of wood failure. Specifically, when the clamping time was 1 
hour, the joint failure modes were 100% glue failure, 25-30% wood failure, and 35-40% 
wood failure for clamping pressure levels of 100,160, and 240 psi, respectively.  
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When the clamping times were 12 and 24 hours, the mean apparent lap shear 
bond strength of single-lap shear adhesive joints clamped under the pressure of 240 psi 
was significantly higher than the one clamped under the pressure of 160 psi, followed by 
the one under the pressure of 160 psi. These significant differences in mean apparent lap 
shear bond strength of single-lap shear adhesive joints clamped at different clamping 
pressure levels cannot be explained by the failure modes documents because all joints 
clamped at different pressure levels had the same percentage of wood failure. One 
possible explanation could be that the higher pressure densified the wood cells along the 
interfacial bonding region. This material densification could lead to more bonding area 
which cannot be observed with human eyes. 
Time Effects  
Table 2.5 indicated that in general within each clamping pressure level evaluated 
the lap shear bond strength of single-lap shear adhesive joints increases significantly as 
clamping time increases from 0.5 to 24 hours. This significant increase in mean apparent 
lap shear bond strength of single-lap shear adhesive joints can be explained by the fact 
that the joint failure modes in terms of the percentages of glue and wood failure observed 
in lap shear joints (Table 2.2), i.e., the wood failure percentage increased significantly as 
the clamping time increased. 
Summary  
It was concluded that mean apparent lap shear strength of single-lap shear 
adhesive joints cured for 24 hours were considered as controls because of significance of 
curing time on the lap shear strength of single-lap shear adhesive joints evaluated. The 
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apparent lap shear strengths were 935, 994 and 114 psi for single-lap shear adhesive 
joints clamped at the pressures of 100, 160, and 240 psi, respectively. 
2.4.2 Experimental#2 
Table 2.6 summarizes mean viscosity value of three different CNT loading 
adhesives evaluated in Experiment#2. Mean viscosity values ranged from 7200 to 10990 
cP with coefficients of variation ranging from 14 to 24. 
A three-factor analysis of variation (ANOVA) general linear model procedure 
was performed at the 5% significance level for individual viscosity data to analyze main 
effects and their interactions on the mean viscosity of CNT loaded adhesives evaluated in 
Experiment#2. The ANOVA results (Table 2.7) indicated that three-way interaction was 
significant. Thus, the main effects of speed and time on the mean viscosity level were 
ignored, and significant three way interaction was further analyzed.  
Table 2.6 Mean viscosity values of PVAc adhesive dispersed with different CNT 
loading.  
 
                           Time (min) 
Speed (RPI) 
500 1000 2000 
0.08% CNT 15 7200 (14) 8560 (22) 8800 (18) 
30 8100 (19) 8790 (18) 8920 (16) 
45 8420 (16) 8800 (18) 9100 (23) 
60 8710 (21) 8900 (14) 9000 (24) 
0.25% CNT 15 7000 (19) 8600 (19) 9150 (24) 
30 7860 (19) 8590 (19) 9200 (17) 
45 8800 (22) 9300 (24) 9600 (19)  
60 9100 (15) 9380 (16) 11000 (14) 
0.41 %CNT 15 8450 (19) 8620 (15) 8950 (18) 
30 8850 (21) 8870 (19) 9600 (24) 
45 9190 (18) 9640 (20) 10450 (16) 
60 9400 (18) 9550 (20) 10990 (21) 




Table 2.7 Summary of analysis of variance (ANOVA) results obtained from the 
general linear model procedure performed on three factors of CNT loading, 
speed, and time.  
Source DF SS Mean 
Square 
F value Pr>F 
Error 36 976324.226    
Corrected T. 71 5963712.1    
CNT loading 2 79563.16 7364.12 296.5 <0.0001 
Time  3 10894.95 19673.22 912.8 <0.0001 
CNT*Time. 6 6037.3 49363.5 10.8 <0.0001 
Speed  2 19637.7 10001.9 79.3 <0.0001 
CNT*Speed 4 19684.1 1999.8 4.25 <0.0001 
Time*Speed 6 4981.89 3155.8 6.96 <0.0001 
CNT*Speed*Time 24 8916.23 599.03 19.06 <0.0001 
 
Table 2.8, 2.9, and 2.10 show the mean comparison of viscosity levels for speed, 
time, and CNT loading, respectively. The results were based on one way classification 
with 36 combinations of speed x time x CNT loading. The protected least significant 
difference (LSD), multiple comparison procedure (Freund and Wilson 1997) at the 5% 
significant level was performed to determine mean differences using LSD value of 590 
cP.   
 
Table 2.8 Mean comparison of viscosity values of CNT loaded adhesives evaluated 
in Experiment#2 for speed effects.   
 
                           Time (min) 
Speed (RPI) 
500 1000 2000 
0.08% CNT 15 7200 B 8560 A 8800 A 
30 8100 B 8790 A 8920 A 
45 8420 B 8800 A 9100 A 
60 8710 A  8900 B 9000 A 
0.25% CNT 15 7000 B 8600 A 9150 A 
30 7860 C 8590 B 9200 A 
45 8800 B 9300 A 9600 A  




Table 2.8 (continued) 
0.41 %CNT 15 8450 A 8620 A 8950 A 
30 8850 B 8870 B 9600 A 
45 9190 B 9640 B 10450 A 
60 9400 B 9550 B 10990 A 
 
Table 2.9 Mean comparison of viscosity values of CNT loaded adhesives evaluated 
in Experiment#2 for Time effects.  
 
CNT loading   Speed (RPI)  
                         Time (min)  
15 30 45 60 
 
0.08% 
500 7200 C 8560 B 8800 B 9710 A 
1000 8100 B 8790 A 8920 A 8900 A 
2000 8420 B 8800 A 9100 A 9000 A 
 
0.25%  
500 7000 B 8600 A 9150 A 9100 A 
1000 7860 C 8590 B 9200 A 9380 A 
2000 8800 C 9300 B 9600 B  11000 A 
 
0.41 % 
500 8450 B 8620 B 8950 A 9400 A 
1000 8850 B 8870 B 9600 A 9550 A 
2000 9400 B 9550 B 10990 A 10990 A 
 
 
Table 2.10 Mean comparison of viscosity values of CNT loaded adhesives evaluated 
in Experiment#2 for CNT loading effects.  
 
 Speed  (RPI)             Time (min) 
        CNT loading 




15 7200 B 7000 B 8450 A 
30 8100 B 7860 B 8850 A 
45 8420 B 8800 A 9190 A 




15 8560 A 8600 A 8620 A 
30 8790 A 8590 A 8870 A 
45 8800 B 9300 A 9640 A 




15 8800 A 9150 A 8950 A 
30 8920 B 9200 A 9600 A 
45 9100 B 9600 B 10450 A 





Speed Effects  
Table 2.8 indicated that in general within each speed level evaluated the viscosity 
values of CNT loaded adhesive increase as speed level increase from 500 to 2000 RPI. 
However, the viscosity level of CNT loaded adhesive showed no significant difference 
between 1000 and 2000 RPI in many cases. The viscosity level of CNT loaded adhesive 
of 500 RPI speed was evaluated as significantly lowest.  
Time Effects  
Table 2.9 indicated that in general within each time level evaluated the viscosity 
values of CNT loaded adhesive increase as time level increase from 15 to 60 minutes. 
However, the viscosity level of CNT loaded adhesive showed no significant difference 
between 60 and 45 minutes in many cases. The viscosity level of CNT loaded adhesive 
for 45 minutes showed significantly higher viscosity values than 30 minutes in many 
cases. The viscosity level of CNT loaded adhesive for 30 minutes showed significantly 
higher viscosity values than 15 minutes.  
CNT Loading Effects 
Table 2.10 indicated that in general within each CNT loading percentage 
evaluated the viscosity values of CNT loaded adhesive increase as CNT loading 
percentage increase from 0.08 to 0.41%. However, the viscosity level of CNT loaded 
adhesive showed no significant difference between 0.25 and 0.41% in many cases. The 
viscosity level of CNT loaded adhesive showed no significant difference between 0.25 
and 0.08% in 6 out of 12 cases, but in others the viscosity value of 0.25% CNT loading 





Table 2.6 indicates the closest viscosity level to PVAc for CNT loading adhesives 
was evaluated. As speed and time of centrifuging increase gradually, viscosity level of 
each CNT loading increases. Thus, the optimum viscosity level for CNT loadings were 
observed under 15 minutes and 1000 RPI speed in centrifuging.   
2.4.3 Experimental#3 
  Figure 2.1 and 2.3 show that FTIR test to evaluate the bonding type and the 
functional group of CNT and PVAc. Figure 2.1 shows the functional group of PVAc 
adhesive under FTIR in experiment#3. PVAc adhesive had OH groups with 3345 wave 
number to create a chemical bond with other materials. Figure 2.3 shows CNT’s bonding 
type inside CNT. CNT had C=C bonding inside, but there is no any OH groups. 
 Figure 2.3 shows the morphological and physical appearance of CNT investigated 





Figure 2.2 Evaluation of PVAc functional group in FTIR. 
 
 






Figure 2.4 Evaluation of CNT functional group in FTIR.   
 
Summary  
 Evaluation of Figure 2.1 and 2.3 show that the bonding between CNT and PVAc 
adhesive was not hydrogen bond and chemical. Thus, the only bond between CNT and 
PVAc was estimated as psychical entanglement based on literature.  The CNT dimension 
was measured, in Figure 2.2, about 300-500 nm long and 5 nm in diameter. 
2.4.4 Experimental#4 
 Table 2.11 summarizes mean apparent lap shear bond strengths of single-lap shear 
adhesive joints evaluated in Experimen#4. Mean apparent lap shear bond strength of 
single-lap shear adhesive joints in Experiment#4 ranged from 902 to 1399 psi with 
coefficients of variation ranging from 11 to 24.6 percent. 
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 A three-factor analysis of variation (ANOVA) general linear model procedure 
was performed at the 5% significance level for individual joint data to analyze main 
effects and their interactions on the mean apparent lap shear strength of single-lap shear 
adhesive joints evaluated in Experiment#4. The ANOVA results (Table 2.12) indicated 
three-way interaction was significant. Thus, the main effects of RF, pressure, and 24 
hours clamp on the mean apparent lap shear strength of single-lap shear joints were 
ignored, and significant three-way interaction was further analyzed.  
 Table 2.13, 2.14, and 2.15 show the mean comparison of apparent lap shear 
strength for 24 hours clamp and pressure effects, 1 minute RF and pressure effects, and 
24 hours clamp only and 1 minute RF only, respectively. The results were based on a 
two-way classification with 9 combinations of 1 minute RF x 24 hours clamping x 
pressure.  The protected least significant difference (LSD), multiple comparison 
procedure (Freund and Wilson 1997) at the 5% significant level was performed to 
determine mean differences using the LSD value of 34.82 psi.  
 
Table 2.11 24 hours clamp and pressure, and RF effects of mean apparent lap shear 
bond strength of single-lap shear adhesive evaluated in experiment#4. 
 24 HOURS CLAMPING 
 Y N 
 PRESSURE (psi) 


















(11.1) x x x 




Table 2.12 Summary of analysis of variance (ANOVA) results obtained from the 
general linear model procedure performed on thre factors of clamping 
pressure, time, and RF.  
Source DF SS Mean Square F value Pr>F 
Error 36 26540.8    
Corrected T. 44 1205691.2    
RF 1 859682.8 429841.4 583.04 <0.0001 
Pressure 2 305486.8 152743.4 207.18 <0.0001 
Pres.*RF 1 13980.8 3495.2 4.74 <0.0035 
24 H clamp. 1 254893.4 4587.3 149.3 <0.0001 
24 H 
clamp*pres.  
2 78412.2 2548.9 78 <0.0001 
24 H clamp*RF 1 6531.7 25631.1 12.9 <0.0001 
24 H 
clamp*RF*press 
2 28946.3 8747.7 6.75 <0.0001 
 
Table 2.13 24 hours clamp and pressure effects of mean apparent lap shear bond 
strength of single-lap shear adhesive evaluated in experiment#4. 
 24 hours clamping with 1min RF 
Pressure Y N 
100 1208 A 902 B 
160 1347 A 1016 B 
240 1399 A 1134 B 
 
Table 2.14 RF and pressure effects of mean apparent lap shear bond strength of single-
lap shear adhesive evaluated in experiment#4. 
 RF with 24 hours clamping 
Pressure Y N 
100 1208 A 953 B 
160 1347 A 1010 B 
240 1399 A 1136 B 
 
Table 2.15 24 hours clamp only and RF only effects of mean apparent lap shear bond 
strength of single-lap shear adhesive evaluated in experiment#4. 
 Pressure 
 100 160 240 
24 hours clamping 
only 
953 A 1010 A 1136 A 




24 Hours Clamping Effects with/without 1 Minute RF 
Table 2.13 indicated that in general lap shear bond strength of single-lap shear 
adhesive joints clamped for 24 hours with 1 minute RF was significantly higher than the 
one clamped for 24 hours without RF in each pressure level (from 100 to 240 psi).  
            1 Minute RF Effects with/without 24 Hours Clamping  
Table 2.14 indicated that in general lap shear bond strength of single-lap shear 
adhesive joints clamped for 24 hours 1 minute RF was significantly higher than the one 
cured 1 minute only in each pressure level (100 to 240 psi).  
24 Hours Clamping Only and 1 Minute RF Only Effects  
Table 2.15 indicated that in general lap shear bond strength of single-lap shear 
adhesive joints clamped for 24 hours only was significantly higher than the one cured 1 
minute RF only in 160 and 240 psi pressure. However, lap shear bond strength of single-
lap shear adhesive joints clamped for 24 hours only was not significant with the one 
cured 1 minute RF only in 100 psi pressure. 
Summary  
It was concluded that mean apparent lap shear strength of single-lap shear 
adhesive joints cured for 24 hours were considered as controls because of significance of 
curing time on the lap shear strength of single-lap shear adhesive joints evaluated. The 
presence of 24 hours clamping, 1 minute RF curing and pressure increasing were 




 Table 2.16 summarizes mean apparent lap shear bond strengths of single-lap shear 
adhesive joints evaluated in Experimen#5. Mean apparent lap shear bond strength of 
single-lap shear adhesive joints in Experiment#5 ranged from 312 to 658 psi with 
coefficients of variation ranging from 6 to 16 percent.  
 Table 2.17 summarizes failure modes observed in all single-lap shear adhesive 
joints evaluated in Experiment#5. Glue and wood failures were the two typical modes 
observed in Experiment#5.   
A three-factor analysis of variation (ANOVA) general linear model procedure 
was performed at the 5% significance level for individual joint data to analyze main 
effects and their interactions on the mean apparent lap shear strength of single-lap shear 
adhesive joints evaluated in Experiment#5. The ANOVA (Table 2.18) indicated three-
way interaction was significant. Thus, the main effects of time, pressure, and RF on the 
mean apparent lap shear strength of single-lap shear joint were ignored, and significant 
three-way interaction was further analyzed.  
Table 2.19, 2.20, and 2.21 show the mean comparison of apparent lap shear 
strength for CNT loading quantity, pressure, and RF effects, respectively. The results 
were based on a three-way classification with 48 combinations of RF x CNT loading 
quantity x pressure. The protected least significant difference (LSD), multiple 
comparison procedure (Freund and Wilson 1997) at the 5% significant level was 




Table 2.16 Mean apparent lap shear bond strength of single-lap shear adhesive 
evaluated in experiment#5.  
  RF time (second) 
 Pressure (psi)      15     30    45    60 
 
0% CNT 
100 312 (9)a 424 (8) 432 (7) 434 (11) 
160 395 (6) 448 (12) 477 (6) 518 (10) 
240 431 (8) 4( 448 (8) 565 (9) 581 (13) 
 
0.08 % CNT 
100 315 (12) 418 (7) 447 (14) 443 (8) 
160 409 (13) 449 (9) 483 (7) 469 (14) 
240 481 (8) 493 (14) 515 (10) 518 (15) 
 
0.25 % CNT 
100 399 (12) 422 (9) 434 (6) 432 (12) 
160 427 (16) 479 (11) 519 (8) 522 (11) 
240 481 (6) 582 (10) 599 (10) 615 (10) 
 
0.41 % CNT 
100 479 (9) 493 (8) 515 (16) 518 (14) 
160 492 (7) 564 (16) 599 (7) 579 (8) 
240 511 (9) 627 (11) 658 (9) 650 (8) 
a Values in parenthesis are coefficients of variation in percent. 
 
Table 2.17 Failure modes of single-lap shear adhesive joints evaluated in 
experiment#5.  
Pressure (psi) RF time (second) 



































Table 2.17 (continued) 














































































































































Table 2.18 Summary of analysis of variance (ANOVA) results obtained from the 
general linear model procedure performed on two factors of clamping 
pressure, CNT loading percentage, and RF.  
Source DF SS Mean 
Square 
F value Pr>F 
Error 192 31754.542    
Corrected T. 239 1502865.3    
CNT loading 3 411863.86 137287.95 432.35 <0.0001 
Pressure 2 567038.65 283519.32 892.86 <0.0001 
Pres.*CNT load. 6 20770.40 3461.73 10.9 <0.0001 
RF 3 342012.6 114004.2 359.9 <0.0001 
CNT load.*RF 9 18354.06 2039.34 6.42 <0.0001 
Pres.*RF 6 12931.47 2155.24 6.79 <0.0001 
CNT 
load.*Pres.*RF 
18 68926.25 3829.23 12.06 <0.0001 
 
Table 2.19 Effects of CNT loading quantity on mean apparent lap shear bond strength 
of single-lap shear adhesive evaluated in experiment#5.  








15 312  D 315  C 399  B 479 A  
30 424  D 418  C 422 B  493 A  
45 432  C 447  B 434 C   515 A  
60 434 B 443 B   432 B   518 A  
 
160 
15 395 C 409 B 427 B  492 A  
30 448 C 449 C 479 B 564  A 
45 477 C   483 C 519 B 599  A 
60 518 B   469 C   522 B 579 A  
 
240 
15 431 C   481 B   481 B   511 A   
30 448 D  493 C  582 B   627 A 
45 565 C   515 D   599 B   658 A   
60 581 C   518 D   615 B   650 A   
 
Table 2.20 Effects of pressure on mean apparent lap shear bond strength of single-lap 
shear adhesive evaluated in experiment#5.  
                          Pressure (psi) 
                            RF Time (second) 100   160   240   
 
0% CNT  
15 312 C 396 B   431 A 
30 424 C   448 B  478 A 
45 432 C   477 B   565 A   




Table 2.20 (continued) 
 
0.08 % CNT 
15 315 C   409 B   481 A   
30 418 C   449 B   493 A   
45 447 B  433 B   515 A   
60 443 C   469 B   518 A   
 
0.25 %CNT 
15 399 C   427 B   481 A   
30 422 C   479 B 582 A   
45 432 C   519 B   599 A   
60 396 C   522 B   615 A   
 
0.41 %CNT 
15 479 B   492 A   511 A   
30 493 C   564 B   627 A   
45 515 C   599 B   658 A  
60 515 C   579 B   650 A   
 
Table 2.21 Effects of RF on mean apparent lap shear bond strength of single-lap shear 
adhesive evaluated in experiment#5.  
  RF Time (second) 
                      Pressure (psi) 15 30 45 60 
 
0% CNT 
100 312 B   424 A   432 A 434 A  
160 396 D   448 C   477 B   518 A   




100 315 C   418 B  447 A   443 A   
160 409 C   449 B   483 A   459 B   




100 399 B   422 A   434 A   432 A   
160 427 C   478 B   519 A   522 A   




100 479 B   493 B   515 A   518 A   
160 492 C  564 B   599 A   579 A   
240 511 C   627 B   658 A   650 A   
 
CNT Loading Quantity Effects  
Table 2.19 indicated that in general lap shear bond strength of single-lap shear 
adhesive joints with 0.41% CNT loading was significantly higher than the other three 
CNT loading in the same pressure and same RF application. 0.25% CNT loading had 
significantly higher lap shear bond strength of single-lap shear adhesive joints than PVAc 
at 6 out of 9 cases. 0.08 %CNT loading showed significantly higher, lower and no 
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significant lap shear bond strength of single-lap shear adhesive joints with PVAc. In 
general, PVAc had the lowest lap shear bond strength of single-lap shear adhesive joints.  
Pressure Effects  
Table 2.120 indicated that general 240 psi pressure had significantly higher mean 
apparent lap shear bond strength of single-lap shear adhesive than the other two 
pressures. 160 psi pressure had significantly higher mean apparent lap shear bond 
strength of single-lap shear adhesive than 100 psi pressure. 100 psi pressure had 
significantly lowest mean apparent lap shear bond strength of single-lap shear adhesive. 
RF Effects  
Table 2.21 indicated that in general 60 and 45 seconds RF application time had no 
significant difference at 11 out of 12 cases. 45 seconds RF application time had 
significantly higher mean apparent lap shear bond strength of single-lap shear adhesive 
than 30 seconds at 8 out of 12 cases. In general, 15 seconds RF mean apparent lap shear 
bond strength of single-lap shear adhesive was lowest. 
Summary  
It was concluded that mean apparent lap shear strength of single-lap shear 
adhesive joints increases as RF application time, pressure level, and CNT loading 
quantity increases. The maximum mean apparent lap shear strength of single-lap shear 
adhesive joints was observed as 658 psi with 0.41% CNT loading, 240 psi pressure and 
45 seconds RF. In general, wood failure ratio increases as pressure level, CNT loading 




Table 2.22 Significant classes of initial mean apparent lap shear bond strength of 
single-lap shear adhesive comparison at 100 psi clamping.  









0.41% CNT 60 515 A 
0.41% CNT 45 518 
0.41% CNT 30 493 B 
0.41% CNT 15 479 
0.08% CNT 45 447 C 
 
 
0.08% CNT 60 443 
0% CNT 60 434 
0%CNT 45 432 
0.25% CNT 45 432 
0.25% CNT 30 422  
D 0.08% CNT 30 418 
0.25% CNT 15 399 
0% CNT 30 315 E 
0.08% CNT 15 312 
 
Table 2.23 Significant classes of initial mean apparent lap shear bond strength of 
single-lap shear adhesive comparison at 160 psi clamping.  















0.41% CNT 45 599 A 
0.41% CNT 60 579 
0.41% CNT 30 564 B 
0.25% CNT 60 522  
C 0.25% CNT 45 519 
0% CNT  60 518 
0.41%CNT 15 492  
 
D 
0.08%CNT 45 483 
0.25% CNT 30 479 
0% CNT 45 477 
0.08% CNT 60 469 
0.08% CNT 30 449  
E 0% CNT 30 448 






Table 2.24 Significant classes of initial mean apparent lap shear bond strength of 
single-lap shear adhesive comparison at 240 psi clamping.  










0.41% CNT 60 658 A 
0.41% CNT 45 650 
0.41% CNT 30 627 B 
0.41% CNT 15 615 
0.25% CNT 45 599  
C 0.25% CNT 60 582 
0% CNT  60 581 
0% CNT 45 565 D 
0.08% CNT 45 518  
E 0.08% CNT 30 515 
0.25% CNT 30 511 
0.08% CNT 15 493  
F 0.25%CNT 15 481 
0.08% CNT 15 481 
0% CNT 30 478 G 
 
RF Time Saving in 100 psi Pressure  
Table 2.22 indicated that mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with a different 
capital letter are statistically different at LSD of 22.229. 0.41% CNT loading in 45 and 60 
second RF application time has the higher mean apparent lap shear bond strength of 
single-lap shear adhesive than other treatments. 0.41% CNT loading showed no 
significant difference between 45 and 60 seconds RF application time. 0.41%CNT 
loading showed no significant difference between 15 and 30 seconds RF application time. 
0.08%CNT loading and 0% CNT loading have no significant difference in 60 and 45 
seconds RF application time. In suggestion, 0.41 %CNT loading in 15 seconds RF 
application time showed significantly higher mean apparent lap shear bond strength of 
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single-lap shear adhesive than 0% CNT loading in 45 seconds RF application time. Thus 
there was 30 seconds saving in RF application. 
RF Time Saving in 160 psi Pressure 
Table 2.23 indicated mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with the 
different capital letter are statistically different at LSD of 22.229. 0.41% CNT loading in 
45 and 60 second RF application time has the higher mean apparent lap shear bond 
strength of single-lap shear adhesive than other treatments. 0.25% CNT loading in 45 and 
60 seconds RF application time and 0% CNT loading in 60 seconds RF application time 
have no significant difference. 0.41%CNT loading in 15 seconds RF application time, 
0.08% CNT loading in 45 seconds RF application time, 0.25%CNT loading in 30 seconds 
RF application time, and 0% CNT loading in 45 seconds RF application time had no 
significant difference. In suggestion, 0.41 %CNT loading 30 seconds RF application time 
showed significantly higher mean apparent lap shear bond strength of single-lap shear 
adhesive than 0% CNT loading in 60 seconds RF application time. Thus there was 30 
seconds saving in RF application time. 0.41 %CNT loading in 15 seconds RF application 
time and 0% CNT loading in 45 seconds RF application time show no significant 
difference for mean apparent lap shear bond strength of single-lap shear adhesive. Thus 
there was 30 seconds saving in RF application time. 
RF Time Saving in 240 psi Pressure  
Table 2.24 indicated mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with the 
different capital letter are statistically different at LSD of 22.229. 0.41% CNT loading in 
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45 and 60 second RF application time had higher single lap shear strength mean than 
other treatments. 15 and 30 seconds RF application time in 0.41% CNT loading showed 
no significant difference.   0.25% CNT loading in 45 and 60 seconds RF application time 
and 0% CNT loading in 60 seconds RF application time had no significant difference. In 
suggestion, 0.41%CNT loading in 15 seconds RF application time showed significantly 
higher mean apparent lap shear bond strength of single-lap shear adhesive than 0% CNT 
loading in 60 seconds RF application time. Thus, there was 45 second save for RF 
application. 0.08% CNT and 0.25% CNT loading in 15 seconds RF application time 
showed significantly higher mean apparent lap shear bond strength of single-lap shear 
adhesive than 0% CNT loading in 30 seconds RF application. Therefore, there was a 15 
second save. 
Summary  
It was concluded that as pressure increases from 100 to 240 psi, mean apparent 
lap shear bond strength of single-lap shear adhesive shows an increase in each treatment. 
While RF times were gradually increasing, mean apparent lap shear bond strength of 
single-lap shear adhesive shows increasing. However, 45 seconds RF application results 
were higher than 60 seconds RF application results in 5 cases. As the amount of CNT 
loading increases, from 0% to 0.41%, mean apparent lap shear bond strength of single-lap 
shear adhesive generally increase. Besides, the peak number for single lap shear strength 
was determined as 658 psi under 0.41 %CNT, 45 seconds RF and 240 psi combination. 
Wood failure modes in Table 2.17 generally demonstrates that as pressure, RF, and CNT 




Table 2.25 summarizes mean apparent lap shear bond strengths of single-lap shear 
adhesive joints evaluated in Experiment# 6. Mean apparent lap shear bond strength of 
single-lap shear adhesive joints in Experiment#6 ranged from 669 to 1226 psi. 
A two-factor analysis of variation (ANOVA) general linear model procedure was 
performed at the 5% significance level for individual joint data to analyze main effects 
and their interactions on the mean apparent lap shear strength of single-lap shear adhesive 
joints evaluated in Experiment#6. The ANOVA results (Table 2.26) indicated that three-
way interaction was significant. Thus, the mean effects of clamping time, pressure, RF 
application time on the mean apparent lap shear strength of single-lap shear adhesive 
joints were ignored, and significant three-way interaction was further analyzed.   
Figure 2.4, 2.5, 2.6 show the mean comparison of apparent lap shear strength for 
RF application time in 100, 160, and 240 psi pressure, respectively. The results were 
based on one-way classification with 24 combinations of pressure x RF. The protected 
least significant difference (LSD), multiple comparison procedure (Freund and Wilson 
1997) at the 5% significant level was performed to determine mean differences using the 
LSD value of 42.7 psi. 
Table 2.25 Pressure and RF effects on 0.41% CNT loading and 0% CNT loading after 
24 hours waiting without clamping. 
  Pressure (psi) 
 RF (second) 100 160 240 
 
0.41 % CNT 
15 669  709  712  
30 828  869  898  
45 872  893  917  





Table 2.25 (continued) 
 
0% CNT  
15 842  941  1039  
30 905  957  1057  
45 981  1058  1161  
60 1038  1155  1226  
 
 
Table 2.26 Summary of analysis of variance (ANOVA) results obtained from the 
general linear model procedure performed on two factors of clamping 
pressure and RF. 
Source DF SS Mean Square F value Pr>F 
Error 96 7983.4    
Corrected T. 119 623282    
RF 3 478.5 2638.3 85.8 <0.0051 
Pressure 2 1099.8 2973.2 95.3 <0.0001 




Figure 2.5 Comparison of  0% CNT and 0.41% CNT loading in 100 psi after 24 



































Figure 2.6 Comparison of  0% CNT and 0.41% CNT loading in 160 psi after 24 
hours waiting without clamping.  
 
 






























































0.41 %CNT loading 0% CNT loading
 
58 
RF Time Saving in 100 psi Pressure after 24 Hours  
Figure 2.4 indicated that mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with a different 
capital letter are statistically different at LSD of 42.7.  Figure 2.4 showed that 0.41% 
CNT in 15 seconds RF mean apparent lap shear bond strength of single-lap shear 
adhesive showed no significant difference with 0% CNT loading in 45 seconds RF. Thus, 
there was 30 seconds time to save. In addition, 0.41% CNT loading in 30 seconds RF 
mean apparent lap shear bond strength of single-lap shear adhesive showed no significant 
difference with 0% CNT loading in 60 seconds RF. Thus, there was 30 seconds time to 
save.  
RF Time Saving in 160 psi Pressure after 24 Hours  
Figure 2.5 indicated that mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with a different 
capital letter are statistically different at LSD of 42.7. Figure 2.5 showed that 0.41% CNT 
loading in 15 seconds RF mean apparent lap shear bond strength of single-lap shear 
adhesive value is significantly higher than 0% CNT loading in 45 seconds RF. Thus, 
there was 30 seconds time saving and higher shear strength result. 
RF Time Saving in 240 psi Pressure after 24 Hours  
Figure 2.6 indicated that mean comparisons among mean apparent lap shear bond 
strength of single-lap shear adhesive were done in the column and values with a different 
capital letter are statistically different at LSD of 42.7.  Figure 2.6 showed that 0.41% 
CNT in 15 seconds RF mean apparent lap shear bond strength of single-lap shear 
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adhesive was significantly higher than 0% CNT loading in 45 seconds RF. Thus, there 
was 30 seconds time save.  
Summary 
It was concluded that mean apparent lap shear strength of single-lap shear 
adhesive joints increases as CNT loading quantity, RF application time, and pressure 
increase. The maximum mean apparent lap shear strength of single-lap shear adhesive 







SUMMARY AND CONCLUSION  
Durable and efficient gluing methods have always been a desired wish in many 
fields. In the wood industry, the wooden material used in assembling through glue does 
not have enough yield for factories. Construction, automotive and furniture factories 
chase after rapid enough not to wait a long time and strong enough to move product next 
process in production. In this study, we will seek that PVAc glue in the RF method can 
show less curing time and more strength in lap shear strength by adding CNT.  
Increasing the shear strength result in each sample can be attributed to adding 
CNT’s thermal conductivity and mechanical strength. First, three different percentage of 
CNT loading and three different pressure and four different RF application time are 
determined.  
Time effects on bonding strength results for PVAc showed that as clamping time 
is proceeding from 1/2 hour to 24 hours the shear strength of PVAc improved. Also, by 
increasing pressure from 100 to 240 psi shear strength results showed increasing. The 
wood failure ratio increased while pressures and clamping time increase.  
The best viscosity level for CNT was determined by choosing the speed and time 
of centrifuging machine in every quantity of CNT loading. 15 minutes and 1000 RPI was 
evaluated best.   
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The functional group of PVAc and CNT were performed by FTIR test machine to 
find bonding between PVAc and CNT. PVAc has –OH groups, but CNT does not have 
any hydroxyl group. Thus, the bonding between them was determined as the physical 
entanglement. 
Effects of 24 hours clamping, pressure and RF on shear strength for PVAc was 
evaluated. One minute  RF without clamping for 24 hours showed no significant 
difference than 24 hours clamping without one minute RF.  
According to test results, the single lap initial shear strength of 0.41 % CNT 
loading adhesive were significantly higher than 0% CNT loading (PVAc) in 15, 30, 45, 
and 60 seconds RF application and 100, 160 and 240 psi pressure. The primary goal of 
this study was to reduce curing time for gluing in RF application. 0.41 % CNT loading 
provided less curing time than 0% CNT loading up to 30 seconds in 45 seconds RF 
application. The curing proof of 0.41 %  CNT loading testing pictures showed that the 
wood failure ratio in 0.41 % CNT loading was higher than 0% CNT loading in each 
combination. Another result for this study, as  CNT loading quantity into 0% CNT 
loading adhesive increases, the shear strength and less curing time showed improved. 
Results showed that 15 seconds RF in 0.41% CNT shear strength has significantly 
higher than 45 seconds RF in 0% CNT loading in 160 and 240 psi pressures. Thus, there 
is 30 seconds save and higher shear strength. Besides, 15 seconds RF in 0.41% CNT 
shear strength has no significant difference with 45 seconds RF in 0% CNT loading. 
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